The current implementation and theoretical foundation of a possible symbolic front-end for CAD-Systems for the evaluation of engineering design objects during the design process is described. Based on implicit functional descriptions of the design object (i.e. the design parameters contained in the database of the solid modeler), the Pi-Theorem is used to derive the associated dimensionless groups. Based on the assumed validity of the evaluation hypothesis that \any minimal description in the sense of the Pi-Theorem is an evaluation", these automatically generated dimensionless groups serve then as a symbolic representation for the purpose of design object evaluation.
Introduction
Due to the complexity of problems inherent to the design process of engineering objects, there has been a signi cant amount of e ort to support the designer by means of CAD/CAE systems able to ease many of the designers routine tasks (SDRC, 1993) . Since the bene t and gain of productivity of such software systems is widely accepted, the development of software systems with an even greater functionality is an area of intensive current research (ten Hagen et al., 1991; Dym 1994) .
While in many new developments the emphasis lies on the application of new AI-based techniques to the area of design, there has also been a signi cant e ort in the traditional engineering community to formalize the design process from an engineering viewpoint (Pahl and Beitz, 1993; Suh, 1990) . Since the design of a technical product involves the de nition of its purpose, functional descriptions de ned as functional relationships between physical input, output and state variables may be used throughout the design process to represent design object properties independent of a particular solution (VDI, 1987) . During the design process, this functional description becomes then more and more concrete (Andreasen, 1992) .
Since the formalism of dimensional analysis based on the Pi-Theorem requires only qualitative information about the relevance list of the physical design parameters, this method is most ideally suited for processing qualitative physical knowledge encoded in such functional descriptions of the design object. Dimensional analysis has therefore been already been applied to engineering design problems in the past (Kloberdanz, 1991; Dolinskii, 1990) , where it was used to ease the modeling and helped to gain a deeper understanding of the functional behavior of the design object. Other works using dimensional analysis as a basis for the technique of qualitative reasoning (Bhaskar and Nigam, 1990; Sycara and Navichandra, 1989 ) on design objects have originated from the eld of AI and have once more underlined the usefulness of this symbolic technique.
In this work it is shown that dimensional analysis can be used to solve the evaluation problem which frequently occurs during design synthesis when choosing among various design alternatives. Since dimensional analysis relies on the functional modeling of the design object, the applicability of the method is restricted to the concept and limitations of functional modeling in the CAD process (Kuttig, 1993) . The implementation of this symbolic method could represent an useful enlargement to existing CAD systems by creating more abstract, symbolic information created from the physical descriptions of the design object contained in the database of the solid modeler. It is important to note that the existing prototype could simply be incorporated into the application programming interface of commercially available CAD/CAE systems (SDRC, 1993) without imposing any changes of the currently valid CAD/CAE paradigms or technologies (Hoschek, 1993; Hoschek and Dankwort, 1994) .
To introduce the theoretical concept of the evaluation hypothesis based on dimensional analysis heavily used in the later sections, the evaluation problem of technical design objects as one of the key problems of design analysis and its place in the design process during design synthesis is brie y introduced in section 1. Section 2 states the key ideas of the evaluation hypothesis. Section 3 contains the necessary proofs and section 4 presents the most important properties which can be derived from these proofs. Section 5 gives two short analytic engineering examples to demonstrate the suggested technique. Section 6 presents the current status of the implementation of the suggested symbolic front-end and closes with an outlook on further conceptual developments.
In the following, the general framework of the design process is described and the evaluation problem inherent to the design process is identi ed.
Design Process
In a simpli ed view the design process can be understood as a sequence of more or less related decisions. These decisions a ect the selection of a design topology as well as the selection of appropriate sizes of the related design parameters x 1 to x n which describe the selected topology with su cient precision.
It is evident that at almost every moment during the design process, design alternatives have to be evaluated with respect to the design evaluation criteria. How these decisions based on evaluation techniques are made is therefore of crucial importance for the sequence of events in the design process. For this reason, the problems underlying the construction of evaluation models will be investigated further in the following section.
Evaluation problem
If one accepts the principle of decomposition of a general goal into several smaller subgoals and the aggregation of evaluations components into a global evaluation respectively, then an evaluation model based on such an assumption can only be a valuable tool for decision making in the design process if at least acceptable answers can be found for the following central questions: How to ? structure the used goal criteria hierarchy ? ? determine the evaluation of various distinct goal criteria ? ? aggregate multiple goal criteria into one single goal criterion ?
Due to the lack of a formal methodology providing answers to these fundamental questions, most classical decision making models require these questions to be answered by a human decision maker (Hwang and Yoon, 1981) . The task of the human decision maker is to establish the description graph of the design object, to determine the evaluation graph and then nd the corresponding mapping of the description onto the evaluation. This is shown in Fig. 1 . The in uence of the decision maker leads to the central question of to what extent a decision re ects the personal beliefs of the decision maker or whether an evaluation should be the unique property of the design object. This issue will be discussed in the following section. From a comparative analysis of some existing decision theories and evaluation models (Rudolph, 1995) it can be concluded that ? under the assumption that an objective evaluation exists in general, it may not depend on the arbitrarily chosen de nitions of physical units and therefore has to be dimensionless, ? a reproducible and objective evaluation can only exist if it is based on and derived from some type of law which has to be dimensionally homogeneous, ? an evaluation method should turn into exact physics and be consistent in the case of complete knowledge about a design object. A universal method to construct dimensionless quantities from dimensionally homogeneous equations is given through the Pi-Theorem, which will be presented in the next section. To ease the understanding of the introduced model, from now on the following terminology will be used as Physical quantities may be grouped into the two classes of so called primary and secondary quantities (Bridgman, 1922) . Primary quantities are hereby quantities whose reference measurement is one of the base units of the employed unit system. Secondary quantities are derived from primary quantities by some function f. In this respect time (measured in s) and length (in m) are primary quantities, while velocity (in m=s) is a secondary quantity. Ratios of both primary and secondary quantities are invariant under scale transforms of the type x 0 = x of physical units, e.g. 1 inch] = 0:0254 m]. For the special properties of the function f the so called Product-Theorem can be proven (Bhaskar and Nigam, 1990; Bridgman, 1922): Product-Theorem. Due to the invariance of ratios of physical quantities under scale transforms of physical units, it can be shown that the function f relating a secondary quantity to some appropriate primary quantities x 1 ; : : : ; x n is of the form f =Cx This property of secondary quantities is then used to prove the so called Buckingham-or PiTheorem (Bhaskar and Nigam, 1990; Bridgman, 1922 An evaluation represents a qualitative and quantitative measure of an object or process. As long as its representation form is still redundant, this redundancy can be eliminated without loss of information. Therefore an evaluation possesses the property of a redundancy-free representation form and is minimal in this respect (Rudolph, 1995) . This means that the number of independent parameters can't be reduced any further. This is expressed in the hypothesis that \any minimal description in the sense of the Pi-Theorem is an evaluation".
Evaluation
Using the proof of the Pi-Theorem, the following list of selected properties can be shown for the evaluation method (Rudolph, 1995): ? Evaluation. The problem of evaluation can be principally reduced to a problem of description. The problem of evaluation is solved exactly in those cases where a complete description exists.
? Minimality. The dimensionless product exponents form a basis in the sense of a linear vector space. The properties of a vector space basis like minimality is therefore also valid for fundamental systems of dimensionless products.
? Granularity. The addition of one more x n+1 to the original description set of x 1 ; : : : ; x n adds one more m+1 and leaves the original set of evaluation components 1 ; : : : ; m unchanged.
This property supports the experience of hierarchical re nement in the sequence of the design process. 
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? Modularity. The structure of the dimensionless products can be encoded into a topological matrix a. With additional use of the unit matrix I the coupling matrix = a T a is =a T I a (6) This is an analogy to the construction of a sti ness matrix of a structure created from sti ness matrices of multiple nite elements, see also Table IV. A few ideas on how the method can be tested is given by the ful llment of the following selected statements and arguments (Rudolph, 1995): ? Causality. The evaluation is determined by the complete description X in the mathematical sense as a necessary and su cient condition.
? Invariance. The evaluation is invariant under scale transforms of the physical units employed in the description X of the object or process.
? Abstraction. Since the evaluation is the property of a whole class of similar but well distinct objects in X, the mapping from X to is mathematically surjective and not injective.
? Consistency. Since the evaluation is generated by a mapping, the consistency over multiple hierarchy levels is guaranteed if the theory underlying the description hierarchy is consistent.
Application
The evaluation method is shown using two examples. The rst example focuses on the demonstration of some of the properties of the method like the derivation of the evaluation components and the demonstration of hierarchy and consistency. The second example is taken from a publication in the area of AI (Bhaskar and Nigam, 1990) , so that the link established by the mathematical formulation between engineering design evaluation and AI reasoning techniques becomes evident.
Automobile
If one tries to evaluate the aerodynamic properties of an automobile like the one sketched out in Fig 3, Table I . From this dimensional matrix with dimension n = 5, rank r = 3 the following m = n ? r = 2 dimensionless products 1 and 2 can be derived. According to the 1 = w v 2 l 2 ( c w )
2 = vl ( Re) complete description f(x 1 ; : : : ; x 5 ) = 0, a relation of the form F( 1 ; 2 ) = 0 of two dimensionless variables exists. With reference to the general scheme in Fig. 2 , this interrelation is shown in Fig. 4 . While ' 1 is given by the chosen explicit form w = f(v; l; ; ) of the implicit formulation of f, ' 0 and ' 2 are determined by equation (7) and (8). Thus only ' 3 still needs to be determined. This is mostly done by function approximation of experimental or numerical data for the whole class of geometrically similar objects, as shown in Fig. 5 for the class of spheres (Zierep, 1972) . The approximation and visualization of experimental or numerical data using ' 3 instead of ' 1 is advantageous, since the number of independent parameters is reduced and the interpretation of the obtained relationship more general (Kline, 1986) .
Pressure valve
The modeling of the pressure valve is done according to the presentation in (Bhaskar and Nigam, 1990) . There the whole mechanism as shown in Fig. 6 is modeled in two parts: (A) the pipe, using can be constructed, which in (Bhaskar and Nigam, 1990 ) are also called`ensembles'
Since the ve ensembles have some of the variables in common, they are not independent from each other and the coupling relationship can be drawn as an undirected graph as shown in Fig 7. With the calculus derived in equation (5), the qualitative behavior of p o due to small changes in p i can now be determined with a strategy called \qualitative reasoning". Using the chain rule, (Bhaskar and Nigam, 1990) 
The coupling matrix of the design variables constructed using equation (6) depends only on the product form of the dimensionless products and is shown in Table IV .
In analogy to the construction of a sti ness matrix in cartesian coordinates (Argyris and Mlejnek, 1986 ) of a structure created from sti ness matrices of multiple nite elements in natural coordinates, the ve dimensionless variables can be interpreted as the natural degrees of freedom of the design object. In this representation the o -diagonal elements are indicators for the implicit coupling of the design variables.
In the following, a short description of the current implementation of the suggested symbolic CAD-front-end based on the suggested techniques will be given.
Symbolic CAD-Front-End
Using the previous example of the pressure valve design, the currently implemented features of the suggested symbolic front-end for CAD/CAE-systems are shown in Fig. 8 . Since the UNIXbased, network-transparent software programmed in Motif/C is not yet fully incorporated into the CAD application programming interface, a rough sketch of the pressure valve and its physical design parameters involved in the modeling are displayed as a postscript image in the upper 9 right corner. The engineer can then select the appropriate variable descriptions in a database provided by the system, as shown in the upper left corner (see window Database Form). By selecting the appropriate design variables, the dimensional matrices of the two components of the pressure valve and their topological coupling conditions are constructed (see the three windows Analyse Form), and, according to equation 3, the associated dimensionless groups are automatically generated. The symbolic information of the building structure of the dimensionless groups is then converted into a postscript format and displayed on the screen as well (see background window in the middle). Using this symbolic information, the coupling matrix according to equation 6 (see window k matrix) and the corresponding undirected graph (see window Analysis) are also generated by the system. The manual selection of the design variables and the generation of the symbolic information takes the designing engineer about less than a minute. Once incorporated into the application programming interface, this step can be further automated. This means that it could be imagined that the current design parameter values x 1 ; : : : ; x n are extracted and continuously updated from the database of the solid modeler of the CAD system. The information automatically created by the system in this way would provide the engineer with valuable qualitative insights into the interdependencies of his design. In this respect, the closed loop in the undirected graph window indicates the existence of possible feedback (Bhaskar and Nigam, 1990) .
Despite the relative little time of the availability of this software tool and the little experience gained with it until now, the potential of the approach of combining symbolic properties of nite components in analogy to the combination of numerical properties in classical nite element methods seems apparent. Due to the fact that the theoretical basis of the approach relies on the traditional engineering method of dimensional analysis, any other techniques relying on this notation, such as qualitative reasoning techniques (Bhaskar and Nigam, 1990) or engineering design using similar size ranges (Pahl and Beitz, 1993) , both based on dimensional analysis, might be straightforwardly added. This concept seems therefore to be worthwhile further investigation.
Conclusion
By interpretation of the postulated evaluation hypothesis, it is most interesting to note that it can be shown that in a rigorous sense an evaluation is only possible if a complete description in form of functional relationships of the design parameters are known. Since complete functional descriptions are generally di cult to obtain, incomplete descriptions in the case of complex design problems will not allow to evaluate missing technical aspects nor give a complete set of dimensionless products. Therefore not all coupling between design variables will be detected and originally coupled design spaces will be looked at as orthogonal. This fact however is not a speci c weakness of the suggested approach, but re ects the fact of incomplete modeling of physical phenomena only. The coupling matrix in Table IV will re ect these facts by less o -diagonal entries.
Even though the method put that much emphasis on a clear understanding and a complete description of the problem, dimensional analysis based on the Pi-Theorem has always been a valuable tool for engineers facing and investigating complex technical problems. Proving the completeness of the relevance list x 1 ; : : : ; x n of parameters is restricted to areas of \sharp" physical knowledge but the method with its property as a mathematically necessary condition can't lead to formal contradictions by itself. This imposes no principal restrictions on the use of the method in areas of \unsharp" physical knowledge.
Of further interest is also the question, what consequences will be caused by the necessary selection of one speci c set of 1 ; : : : ; m out of the mathematically equivalent (n?r)-parametric solution space of dimensional matrices. Due to the mathematical formulation, the link between classical similarity methods, design evaluation methods and qualitative reasoning techniques could be shown. Such a consistent formulation might ease algorithmic and implementation aspects of future design systems combining these features.
A future design system could possibly exploit detection of similarity for the creation of associations or analogy conclusions (Kodrato , 1990) . Further, the identi cation of weak coupling of design variables could be used to develop decomposition strategies for automatic design optimization. The investigation of such possibilities might be a rst step to make one day more e cient or even more intelligent design support systems a reality.
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